Abstract The change in the Na+ ion binding properties of a series of the anions of inorganic phosphates (phosphinate, cyclic polyphosphate, and linear polyphosphate) has been studied in order to see the transition from simple electrolyte to polyelectrolyte. Na+ ion activity measurement together with 23 Na NMR peak width measurement gave a consistent conclusion that about 100 of the chain-length is needed to show the binding properties independent of the chain-length in salt-free system.
INTRODUCTION
Even though a large number of studies have been reported on polyion-counterion binding up to present, rather few works have been carried out to study how the ion-binding properties are dependent on the size of the polyion. A family of inorganic polyphosphate anions of various polymerization number, n, may be a suitable example to investigate the transition from simple ion to polyion properties. In this work, phosphinate ion, PH2O2-(P I), and long-chain polyphosphate anions, PP-(average degree of polymerization, n, is several thousands), have been used as examples of simple-and polyions, respectively. Cyclic polyphosphate anions, (PnO3n n-), cPn (n=3,4,6, and 8), and linear polyphosphate anions, Pn (n=15, 35, 50, 85, 101, 127, and 150) have been used as examples of oligoions and polyions. The binding equilibria have been examined from the two different experimental approaches, i.e., without salt and with an excess salt. The first part of this work deals with a study on the binding of sodium ions to inorganic polyphosphate ions in the absence of salt; whereas the second part consists of the binding equilibrium studies of sodium ions and calcium ions to inorganic polyphosphate ions in the presence of an excess salt. Both a potentiometric and NMR techniques are utilized to investigate the bindings.
EXPERIMENTAL CHEMICALS
A series of sodium salts of the mixtures of linear polyphosphates were obtained by a solubility fractionation with acetone or gel chromatographic fractionation of Graham's salt [1, 2] where the liquid junction potential between the Na + ion solution and a saturated KCl solution is assumed constant for different concentrations of sample solutions [3] . The activities of Na+ ion in NaCl solutions, which have been used for the standardization of the electrodes, were calculated by use of the activity coefficients of Na+ ion reported by Kielland [4] . Before and after the titration 
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Representative 23 Na NMR spectra of a NaPP solution together with a NaCl solution are shown in Fig. 3 . It is obvious that the chemical shift of the NaPP sample (+0.2 ppm) is quite close to 0, indicating that the Na+ ion binding to PP anion is non-specific. Since the apparent activity coefficient of Na+ ion of the NaPP solution has been determined to be approximately 0.25 by the potentiometric method, it can be seen that the main contributing factor on the Na+ ion binding to PP anions is electostatic in nature. It is also notable that the peak of the NaPP spectrum is quite broadened compared with the peak of the NaCl spectrum. It is known that when spin-spin relaxation is extremely efficient, e.g., for quadrupolar nuclei such as 23 Na, a good estimate of T2 (spin-spin relaxation time) can be obtained simply by measuring the peak width. It has been shown that T2-1 value is roughly related to the peak width at half height, W1/2, in the following way [6] , Since the relaxation of 23 Na nucleus is mainly due to interactions between its quadrupole nucleus, an increase in the relaxation rate is expected if "ion-condensation" occurs [7] . Thus the peak width reflects the fractions of condensed Na+ ion to total Na+ ions present in the sample solution. In Fig.4 to polyphosphate ions is electrostatic in nature. From the peak width measurements of the 23 Na NMR spectra, the fractions of the Na+ ions bound to polyphosphate ions are estimated, which is consistent with the results determined by the thermodynamic approach.
